Abstract-We generate polarization-entangled photon pairs in the 1550-nm wavelength telecom band, using spontaneous fourwave mixing in a highly nonlinear fiber loop. With accidental coincidences subtracted, we obtain coincidence fringes with visibilities greater than 86%, and thus observe a violation of Clauser, Horne, Shimony and Holt (CHSH) inequality by 2.7 standard deviations. The experimental setup is built using only fiber connections, which contribute to its long time stability.
I. INTRODUCTION
Polarization-entangled photon pair sources are key technologies for realizing quantum communications [1] . In order to use them on real fiber networks, it's important that photon pairs can be generated in the 1550 nm wavelength band, where optical fibers have its minimum loss. The generation of polarization-entangled photon pairs using spontaneous fourwave mixing (SpFWM) in a Sagnac fiber loop, based on timemultiplexing, was presented in [2] . Later, Takesue and Inoue used the same principle, but the loop was based on polarization diversity [3] . Following that work, we implemented an experimental setup, using an highly nonlinear fiber (HNLF) instead of a dispersion-shifted fiber (DSF), to generate the entangledphoton pairs. Using a HNLF allows us to use lower pump powers, which decreases the noise detected by the avalanche photodiodes (APDs). This paper contains five sections. In Section II, we discuss local realism, including the Einstein, Podolsky, Rosen (EPR) argument, and Bell theory, that leads to the Clauser, Horne, Shimony and Holt (CHSH) inequality. In Section III, we present the experimental setup used to generate and detect polarization-entangled photon pairs. In Section IV, the experimental data are presented and discussed. The main conclusions of this paper are presented in Section V.
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II. LOCAL REALISM
To perform the exchange of data using quantum cryptographic methods, one has to know and understand the basics, and all its baffling details. Two important concepts arise when one discusses the use of quantum cryptography for secure data transmission: the EPR argument and the Bell theory. The first made us aware of strange events related to physical phenomena, namely the interaction of particles at a given distance. The second is regarding a hypothetical explanation of these occurring events relying on the assumption of hidden local variables, which was lacked by the ruling theory.
A. EPR Argument
The EPR argument is considered by many as one of the major topics of quantum mechanics, mostly due to its importance in quantum cryptography. Einstein, Podolsky and Rosen questioned the reality of quantum mechanics and its truth in describing physical reality [4] . They stated that quantum mechanics wasn't correct, or at least it wasn't complete. Besides that, they argued that any theory had to describe in full all the phenomena which are covered by the theory. They expected that knowing the relation between two correlated quantities, one should know the values of both quantities and not be restricted to knowing one or the other, meaning that theoretical predictions have to agree with measurements performed on a given system. This can be mathematically stated by the Heisenberg uncertainty principle,
Eq. (1) regards the relative uncertainty between the position (r) and the momentum (p) of a given object, but can be applied to any pair of physically correlated quantities. Another disturbing detail is that the state of a given system is only defined when measured upon, with quantum mechanical theory claiming that the act of measuring inadvertently disturbs the system, disrupting the system's state. This was an unacceptable fact in their view. Another and very important phenomena that they observed was the action at a distance, where there is a dependency between two distant objects, known as "a spooky action at a distance". This action would be later on known as entanglement.
In response to Einstein et al.'s paper, Niels Bohr answered with a paper of his own in which he states that the problem does not rely in the theory but in the way how measurements are performed, or more importantly, in the ways one analyzes a given phenomenon, focusing on the influence that experimental setups had over these measurements. With this, he introduced the concept of complementarity [5] . To further support his view, later were presented a series of examples based on the wave-particle duality of matter [6] - [8] .
B. Bell Theory
Following the work of John von Neumann [9] and David Bohm [10] , [11] , John S. Bell devised a theory based on local hidden variables. In his paper, he presented a theorem based on nonlocality terms, while the locality theory is based on two assumptions [12] :
1) All objects have to be in a definite state from which the values of all other physical quantities can be determined, such as the position or momentum of an object.
2) The effects of local actions, such as measurements, cannot travel faster than the speed of light (as a result of special relativity). If the observers are sufficiently far apart, the measurement made by one will have no effect on the one done by the other (and vice-versa). Considering the correlation between measurements, the causality condition imposed by local realism is upheld if the Bell theorem is proved correct. Item 1) addresses the issue of locality, while item 2) issues the separability criterion. The Bell theorem is stated as the following [12] , [13] ,
where Λ is the probability space, λ are the hidden variables, with A and B being two physical quantities, while a and b are the axis at which A and B are projected over. In order to test the quality of the entangled states, it can be measured the CHSH inequality, which is one type of the Bell inequalities. From (2), the polarization correlation coefficient, which requires four correlation measurements, can be defined as follows [14] :
In (3), C θ1,θ2 are the coincidences between the polarizer of Alice set at angle θ 1 and the polarizer of Bob set at angle θ 2 , being θ 1 = θ 1 + 90 and θ 2 = θ 2 + 90. In the CHSH inequality, the parameter S is defined as [14] :
and requires sixteen measurements. From quantum mechanics, the expectancy values for the CHSH inequality are,
and,
These are the maximum values, and lead also to the maximum value of S =2 √ 2. This value can be obtained when polarization angles are set to (
. The uncertainty of the quantity S is given by,
where the uncertainty of the ith measurement, C i , is [15] . To determine the existence of correlation between measurements, we estimate the values of each term in (4) . If the sum is greater than 2, the Bell inequality is violated and this leads to physical reality being nonlocal, hence existing correlation between measurements. If not, local realism prevails and there is no correlation at all. Besides this, there are other limits and assumptions that need to be verified, regarding visibility and effective quantum efficiency values, among others. Considering quantum mechanics, there is also a maximum limit of correlation [16] - [18] .
III. EXPERIMENTAL SETUP
In order to verify the effectiveness of our method of generation of polarization-entangled photon pairs, we used the setup presented in Fig. 1 . A pump from a tunable laser source (TLS), with a full width at half maximum of 830 ps and a repetition rate of 2.2 MHz passes through an optical circulator, and a fiber Bragg grating (FBG), in order to eliminate the sidebands. The TLS is centered at 1550.918 nm wavelength, which is at the zero-dispersion wavelength of the HNLF used in the experiment. At the output of the optical circulator, the photons' polarization should be adjusted using a polarization controller (PC1), so that when they are focused in the Mach-Zehnder (MZ) modulator's LiNbO 3 crystal has maximum efficiency. The MZ modulator is connected to a DC voltage source and a pattern generator. At the output of the MZ modulator is an erbium doped fiber amplifier (EDFA), which is used to amplify the pump's optical power. The noise from the EDFA is eliminated using a 100 GHz flat fixed optical filter. In order to match the 45
• port of the polarization beam splitter (PBS), the photons are aligned with that port using another polarization controller (PC2) and a linear polarizer (LP) (note that the fiber between the LP and the PBS is polarization maintaining (PM) fiber). Then, the pulses are launched into the Sagnac loop, which consists in a 4-port PBS, a 150 m long HNLF with a nonlinear coefficient, γ ∼ 10.5 W −1 km −1 , and the zerodispersion wavelength at 1550 nm, and two PCs (PC3 and PC4). The power at the input of each arm of the HNLF was 2.2 mW. Since the port-3 of PBS is aligned at 45
• with the slow axis of the PM fiber, the PBS divides the pump pulses into horizontal (0 • ) and vertical (90 • ) polarization components, having each one equal optical power. The two components generate signal-idler photon pairs |H s |H i and |V s |V i , while propagating in the loop in the counterclockwise and clockwise directions, respectively. The polarization controllers (PC3 and PC4) were adjusted so that the generated photon pairs were properly output from the loop, at port-4. The polarization-entangled photon pairs result in the superposition state given by,
At the loop output the pump photons are eliminated, using another flat fixed optical filter [1] . Then, the idler and signal photons go into an arrayed waveguide grating (AWG), with a 100 GHz channel spacing, which sends signal photons on one path, and idler photons to the other. AWG output channels with peak wavelengths of λ s = 1547.715 nm and λ i = 1554.134 nm were used for the signal and idler, respectively. Next, a cascade of flat fixed optical filters centered at the AWG's output wavelength channels are used in each arm in order to assure that only signal (F s ) or idler (F i ) photons pass, and all the other wavelengths are suppressed. The pump, signal and idler photons, with frequencies ω p , ω s and ω i , respectively, satisfies the phase-matching condition, [3] :
The states of polarization of the signal and idler photons were adjusted using a quarter waveplate (QWP) and a half waveplate (HWP) so that the two photons experienced the same polarization change after they were separated by the AWG. Each photon was lead into a rotatable linear polarizer (RLP1 and RLP2) and was detected with an InGaAs/InP avalanche photodiode (APD1 and APD2) from IdQuantique, operating in a gated Geiger mode [19] . APD1 (id201) has a dark count probability per time gate, t g = 2.5 ns, of P dc < 5 × 10 −6 ns −1 , and a quantum detection efficiency, η D ∼ 10% [20] . APD2 (id200) has a dark count probability per time gate, t g = 2.5 ns, of P dc < 5 × 10 −5 ns −1 , and a quantum detection efficiency, η D ∼ 10% [21] . In order to avoid afterpulses, a 10 μs deadtime was applied to both detectors. The electric signals from the APDs were input into a time tagging module (TTM) for coincidence measurements. The TTM worked in a continuous mode, with a time resolution of 82.3 ps.
IV. EXPERIMENTAL RESULTS
In order to demonstrate polarization entanglement of the generated photon pairs experimentally, we inserted a polarization analyzer, before each APD, as shown in Fig. 1 . Each polarization analyzer consists of a QWP, a HWP and a RLP. We measured the coincidence rate for 16 combinations of polarizer settings (θ 1 = -45
• , 112.5
• ) in order to obtain the S value of the CHSH inequality [22] . As stated before, any realistic theory must satisfy the condition |S| ≤ 2. In order to verify the violation of CHSH inequality, it should be found that |S| > 2.
In Fig. 2 , we present coincidence and single counts detected over 60 s, varying the RLP2 (θ 2 ), while the RLP1 (θ 1 ) is fixed for values 0
• , 45
• and 90
• , -45
• . Results for coincidence counts show that our source produces entangled photon pairs with strong correlation and a visibility greater than 86%. In Fig. 2a) we present signal single counts, as in Fig. 2b ) are presented idler single counts, just as an example, since the other results obtained experimentally present similar behavior. The fact that single counts are roughly constant means that single photons are unpolarized or randomly polarized. This is a key characteristic of polarization-entangled photons [2] .
In Table I we present the single and coincidence counts as a function of polarizer angles, θ 1 and θ 2 obtained experimentally. Using the experimental data we calculated the parameters defined in (3) and (4). The correlation coefficients required for the CHSH inequality and the respective errors are presented in Table II . From the measured values we obtained a parameter S = 2.4699 ± 0.1729, when accidental coincidences were subtracted. Thus, we observed a violation of CHSH inequality by 2.7 standard deviations. This result is consistent with quantum mechanics.
V. CONCLUSION
We demonstrated the generation and detection of polarization-entangled photon pairs in the 1550 nm wavelength band, using SpFWM in a HNLF loop. When accidental coincidences were subtracted, we obtained a visibility for the coincidence fringes of more than 86%, and thus observed the violation of CHSH inequality by 2.7 standard deviations.
